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REPORT 
A.  PROBLEM 

Tlie  understanding  of  the  events  following  various  types  of 
cell  injury  is  crucial  to  the  development  of  our  knowledge 
concerning  the  pathogenesis,  treatment,  and  prevention  of  human 
diseases.  Despite  the  advanced  knowledge  and  treatment  of 
hemorrhagic  and  bacteremic  shock,  mortality  and  morbidity 
continue  to  remain  high.  For  better  treatment  of  these 
diseases  in  man,  much  fjrther  knowledge  and  understanding  of  the 
cellular  pathophysiology  of  shock  is  needed.  It  is  our 
hypothesis  that  many  of  the  cellular  changes  which  lead  the  cell 
from  normal  to  irreversibly  injured  are  initiated  and  modified 
by  primary  and/or  secondary  effects  of  ion  redistributions 
taking  place  between  the  cell  and  the  extracellular  compartment 
and  between  various  compartments  in  the  cell.  With  the  recent 
availability  of  x-ray  microanalysis  as  a  tool  to  measure 
intracellular  ions  and  thus  being  able  to  correlate  structure 
with  the  chemical  composition  of  cells,  a  new  dimension  to  the 
analysis  of  cellular  reactions  to  injury  by  the  shock  state  has 
become  possible.  However,  specific  aspects  concerning  effects 
at  the  cellular  and  subcellular  levels  need  to  be  further 
clarified.  Therefore,  the  aim  of  this  study  was  to  characterize 
the  cellular  and  subcellular  effects  of  hemorrhagic  and 
bacteremic  shock  in  the  liver  and  heart  using  in  vivo  rat 
models . 

B.  BACKGROUND 

The  focus  of  our  laboratory  for  the  past  two  decades  has 
been  directed  toward  the  understanding  of  the  events  following 
various  types  of  cell  injury  with  the  aim  of  developing 
knowledge  which  will  be  useful  in  the  understanding  of  the 
pathogenesis,  treatment  and  prevention  of  human  diseases.  Since 
the  work  of  Virchow  [1],  the  dominant  concept  of  pathology 
regards  disease  as  a  result  of  the  reactions  of  cells  to  injury. 
An  Injury  can  be  defined  as  any  physical  or  chemical  stimulus 
which  perturbs  cellular  homeostasis.  Such  a  perturbation  can  be 
transient  and  readily  adapted  to  by  the  cell  with  no  subsequent 
effect  or  it  may  be  a  more  prolonged  effect  to  which  the  cell 
can  adapt  only  by  a  series  of  structural  and  fundamental 
modifications  or  to  which  it  succumbs,  resulting  in  cell  death. 
Following  an  injury,  cell  reactions  can  be  classified  into  two 
phases:  a  reversible  phase  which  precedes  cell  death  and  an 

irreversible  phase  consisting  of  those  changes  which  occur  after 
cell  death.  Therefore,  as  has  now  become  evident,  all  disease 
states  are  most  meaningfully  expressed  at  the  cellular  and 
subcellular  levels  with  such  changes  forming  the  basis  of  the 
physiologic  and  morphologic  alterations  which  are  observed. 
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Although  a  number  of  critical  steps  occur  following 
injury,  many  of  the  cellular  changes  leading  the  cell  from 
normal  to  irreversibly  injured  are  initiated  as  well  as  modified 
by  primary  and  secondary  effects  of  ion  redistributions. 
Diffusible  ions  such  as  Ha,  Mg,  P,  Cl,  K,  and  Ca  are  all  very 
important  to  the  fine  tuning  of  metabolic  cell  processes  and  are 
controlled  within  very  narrow  limits  in  various  intracellular 
compartments  and  between  the  cell  and  the  extracellular  space. 

As  a  result,  numerous  studies  over  the  past  decade  have  strongly 
implicated  an  extremely  important  if  not  key  role  for  their 
movements  and  redistributions  in  the  pathophysiology  of  diverse 
types  of  cell  injury  such  as  shock,  myocardial  infarction,  acute 
renal  failure,  metaplasia,  regeneration  and  malignant  transfor¬ 
mation.  Although  all  of  these  physiologically  active  ions  are 
important,  it  has  not  been  until  recently  that  the  unique  role 
of  calcium  as  activator  and  regulator  of  many  diverse  cellular 
activities  such  as  contractile  processes,  cell  division, 
secretory  processes,  enzyme  activation,  etc.,  has  been  realized. 
Since  the  extracellular  calcium  concentration  is  higher  by 
several  orders  of  magnitude  than  the  estimated  cytosolic 
concentration  of  10  '  to  10“^  M  and  enters  the  cell  by  diffusion 
down  a  steep  electrochemical  gradient,  this  continuous  influx  of 
calcium  implies  the  existence  of  regulatory  systems  for 
maintaining  low  cytosolic  concentrations.  Current  evidence 
Indicates  that  the  mitochondria,  plasma  membrane  and  endoplasmic 
reticulum  may  each  play  a  role  in  this  control. 


Although  the  study  of  ion  distribution  and  redistributions 
in  tissue  using  such  methods  as  atomic  absorption  spectro¬ 
photometry,  precipitation  techniques,  autoradiography,  isotope 
labeling,  etc.  have  been  utilized  for  many  years,  frequently, 
inaccurate  and  misleading  data  have  been  obtained  due  to  the 
difficulties  associated  with  maintaining  ion  composition  during 
the  technical  procedures.  However,  with  the  recent  introduction 
of  x-ray  microanalysis,  detailed  assays  of  elements  with  atomic 
weights  equal  to  Na  or  greater  offers  great  promise  in  the  study 
of  electrolyte  shifts  in  both  normal  and  disease  states.  The 
technique  is  based  on  measurements  of  char acter i sti c  radiation 
resulting  from  interactions  of  electrons  with  matter  [2]  and 
permits,  in  many  cases,  complete  non- des true ti ve  analysis  by 
detection  of  characteristic  x-rays  which  can  produce  information 
about  the  distribution,  quantity  and  chemical  form  of  an  elemen- 
at  the  cellular  and  subcellular  levels  in  biologic al  samples 
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Areas  as  small  as 


1000  A  can  be  measured  which  permit  qualitative  and  quantitative 
measurements  to  be  made  on  organelles  and  even  parts  of 
organelles.  this  is  obviously  of  great  value  not  only  in 
studying  many  types  of  cellular  inclusions  but  also  in  studying 
the  organelle  distribution  of  elements  of  physiologic  importance 
including  Na,  Mg,  P,  Cl,  K,  and  Ca.  All  of  these  ions  have  been 
previously  Impossible  to  localize  at  this  level  using  other 


techniques.  Therefore,  in  the  study  of  ion  redistributions 
following  cell  injury,  the  importance  of  x^ray  microanalysis 
cannot  be  overestimated. 

Many  theories  have  been  proposed  to  explain  the  sequence  of 
events  which  may  lead  to  irreversible  shock  and  to  account  for 
the  severe  changes  in  multiple  organ  systems  which  occur  during 
each  of  these  phases.  Such  theories  have  included  lysosomal 
disruption,  deficits  in  energy  metabolism,  and  damage  to  cell 
membranes  among  others  C 3 1 •  It  has  not  been  clear,  however, 
which,  if  any,  of  these  events  is  primary  and  which  is 
secondary.  In  addition  to  the  above,  several  studies  have 
suggested  that  one  important  alteration  involved  in  cell 
function  is  manifested  by  altered  plasma  membrane  potential  and 
ion  shifts  between  extra-  and  Intracellular  compartments  [3,4]. 

Although  there  have  been  a  number  of  publications  detailing 
clinical  measurements  by  atomic  absorption  spectrophotometry  of 
ion  shifts  following  sepsis  end  hemorrhagic  shock,  to  our 
knowledge,  only  the  work  performed  in  our  laboratory  [5,6]  and 
that  of  Nichols  et  al .  [7]  has  utilized  the  methodology  of  x-ray 
microanalysis  to  determine  such  shifts  in  tis-sue.  Data  from 
both  of  these  studies  were  in  agreement  in  that  increases  were 
noted  in  Na  and  Cl  and  decreases  in  K  following  shock. 

Other  investigations,  using  flame  atomic  absorption  or  ion 
specific  microelectrodes,  have  shown  leakage  of  K  ions  from 
cells  at  a  relatively  early  stage  following  both  septic  and 
hemo.  rhagic  shock  [8,9].  Such  leakage  has  been  found  to  either 
precede,  accompany  or  be  followed  by  mitochondrial  damage  and 
cell  swelling  [10,11,12,133.  In  order  to  determine  if  this 
leakage  of  K+  is  due  to  a  failure  in  energy  metabolism  or  to  a 
direct  effect  of  endotoxins  on  ion  pumps,  Kilpatrick^Smith  et 
al  .  [14]  investigated  the  effects  of  endotoxin  in  suspensions  of 
cultured  mouse  neuroblastoma  C-M300  cells  and  concluded  that 
there  were  two  phases  of  endotoxin  action  on  these  cells:  the 
initial  very  rapid  reaction  in  which  mitochondrial  metabolism  is 
altered  but  fully  compensated  and  the  second  phase  in  which 
cellular  energy  production  by  the  damaged  mitochondria  cannot 
provide  ATP  at  a  sufficient  rate  to  maintain  normal  cellular 
activities,  thus  leading  to  gradual  cell  death.  Although  the 
mechanism  for  the  rapid  response  in  energy  metabolism  is  not 
clear,  it  could  be  either  through  a  direct  interaction  of  the 
endotoxin  with  mitochondrial  membranes  or  enzymes  or  indirect 
through  a  second  messenger  such  as  intracellular  Ca2+.  The 
latter  is  particularly  intriguing  to  us  since,  if  this  is  the 
case,  it  could  link  possible,  subtle  changes  in  plasma  membrane 
permeability,  which  may  accompany  binding  and  transport  of  the 
toxin,  and  subsequent  response  of  mitochondrial  energy 
pr  uction  reactions.  In  accordance  with  this  possible  role  of 
Ca6  ,  Spitzer  et  al .  [15]  and  Liu  et  al .  [16]  observed  that 
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In  direct  connection  with  the  above,  and  the  role  of  ion 
movements  in  shock,  it  has  become  evident  that  volume  regulation 
by  cells,  control  of  cell  Na+  and  Ca2  +  and  modulation  of. 
membranes  and  the  cytoskeleton  comprise  very  important  if  not 
determinate  roles  in  a  number  of  sublethal  and  lethal  cell 
reactions  to  injury.  Moreover,  interactions  of  these  with  cell 
membrane  modification  and  cytoskeletal  control  produce  a  model 
which,  we  believe,  relates  many  important  disease  processes  to 
biochemical  and  ul trastructural  changes.  Therefore,  based  on 
recent  morphological,  immunocytochemi cal  and  x-*ray  analytical 
data  from  our  laboratories  and  those  of  others,  we  have  recently 
advanced  a  hypothesis  (see  Appendix)  which  proposes  that  altered 
Na+  and  Ca2+  regulation  play  extremely  important  roles  in 
seemingly  diverse  pathological  phenomena  ranging  from  acute  cell 
death  to  chronic  processes  such  as  shock,  trauma,  myocardial 
infarction  and  neoplasia  and,  moreover,  that  all  of  these 
phenomena  are  interrelated  in  a  common  series  of  cellular 
reac tions  [17,18]. 

It  was  the  aim  of  the  present  study,  therefore,  to  inves¬ 
tigate  the  role  of  ion  movements  in  _in  vi^vo  animal  models 
following  exposure  to  sublethal  and  lethal  episodes  of 
hemorrhagic  and  bacteremic  shock  by  direct  analyses  of 
intracellular  ion  distributions  using  x-ray  microanalysis  and  to 
correlate  these  data  with  physiological,  biochemical,  and 
morphological  observations. 

C.  APPROACH  TO  THE  PROBLEM 


1.  Hemorrhagic  Shock  Model  in  the  Rat 


Male  Sprague  Dawley  rats,  weighing  250-300  g,  were 
fasted  overnight  and  anesthetized  with  phenobar bi tal .  They  were 
restrained  in  supine  positions  on  surgical  boards  and  allowed  to 
breathe  spontaneously  without  a  respirator.  The  left  carotid 
artery  was  cannulated  with  polyethlene  tubing  (PE-50)  and  the 
proximal  end  inserted  into  the  aorta.  Hemorrhagic  shock  was 
produced  by  removal  of  blood  using  suction  for  a  period  of  one 
minute  and  the  animals  divided  randomly  into  the  following  three 
groups : 


LD  50  group  = 
LD  84  group  = 
Control  group 


(3.16-0. 1 8  BW ) 
( 3.25-0. 17BW) 
=  cannulation 


ml  blood/100  g  body 
ml  blood/100  g  body 
only 


weight . 
wei ght . 
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Parameters,  as  described  below,  were  measured  at  0  time  and 
15  min  after  hemorrhage. 

2.  Bacteremia  Shock  Model  in  the  Rat 

Recently,  we  developed  a  bacteremia  shock  model 
in  rats  to  study  the  cellular  and  subcellular  alterations  in 
response  to  lethal  and  sublethal  Gram-negative  bacteremia  [19]. 
To  establish  the  model,  various  doses  of  a  live  E.  coli 
suspension  (Serotype:  0-18)  were  injected  in  conscious  rats 
through  the  tail  veins.  Doses  and  mortality  rates  are  summar- 
i zed  in  Table  1 . 


Table  1.  MORTALITY  RATES  FOLLOWING  VARIOUS  DOSES  OF  LIVE 
E.  COLI  INJECTION 

Dose  (x  10^  Mortality  Rate 

Group _ Qrganlsms/100  g  BW) _ 6  Hrs _ 12  Hrs _ 2H  Hrs 


A 

B 

C 

D 


2.8- 3. 3 

1. 8- 2.0 
1.3U1.5 
0.11-0.5 


100$  (H/1U) 
111$  (  11/29) 
0$  (  0/25) 
0$  (  0/15) 


62$  (18/29) 
8$  (  2/25) 
7$  (  1/15) 


100$  (29/29) 
96$  (24/25) 
7$  (  1/15) 


Light  microscopic  studies  performed  on  the  dead  animals 
after  E.  coli  treatment  revealed  the  following:  1)  a  dose- 
related  depletion  of  white  pulp  in  the  spleen;  2)  foci  of  small 
E.  coli  colonies  in  the  heart  only  in  group  C  in  which  the 
animals  survived  beyond  12  hours;  3)  focal  necrosis  of  the  liver 
parenchyma  with  increased  number  and  size  of  necrosis  along  with 
prolonged  survival  time;  il )  no  characteristic  changes  in  the 
lung;  5)  mucosal  hemorrhage,  vascular  congestion  and  desqua¬ 
mation  of  the  epithelium  in  the  small  intestine;  and  6) 
medullary  congestion  in  the  kidney  [19].  Groups  C  and  D  were 
selected  as  the  lethal  and  sublethal  models  respectively. 


On  the  basis  of  the  above  data,  therefore,  in  the 
present  contract,  bacteremic  shock  was  induced  in  rats  by  IV 
injection  of  live  E.  coli  organisms  (Sero  type:  0  —  1 8 ) .  E.  coli 
organisms  were  inoculated  in  a  tryptic  soy  broth  medium  from  a 
stock  culture  maintained  on  tryptic  soy  agar.  After  stationary 
culture  in  the  tryptic  soy  broth  medium  for  15  hrs  at  37°C ,  the 
organisms  were  washed  three  times  with  sterile  saline  solution 
and  res  us  pended  in  a  saline  solution.  The  number  of  E .  coli 
organisms  was  predetermined  spectrophotometri cally  by  reading 
the  dilute  E.  coli  suspension  at  580  nm .  Twenty-four  hrs  later, 
the  number  of  viable  organisms  was  confirmed  by  colony  counting. 
A  sublethal  (O.^-O.S  x  10^)  or  a  lethal  (1 .3“ 2.0  x  10*)  dose  of 
E.  coli  organisms  in  0.5  ml  saline  per  100  g  body  weight  was 
injected  into  the  tail  vein  with  a  one  minute  period  of 
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injection.  Sal ineu inj ected  rats  were  used  as  cc  trols.  At  6, 

9,  12,  and  2 4  hrs  following  injection,  physiological,  morpho“ 
logic,  histochemi cal ,  biochemical  and  x-ray  microanalysis 
studies  were  carried  out  as  described  as  below. 

3.  Methods 

The  following  methods  were  used  in  both  the  hemorrhagic 
and  the  bacteremic  models. 

a.  Physiological  Studies 

An  arterial  catheter  was  introduced  into  the  lower 
abdominal  aorta  through  the  left  femoral  artery  and  its  external 
end  connected  to  a  transducer.  A  trans pulmonar y  thermodilution 
method,  which  we  recently  developed  [20],  was  used  for  the 
measurement  of  cardiac  output.  A  thermistor  probe  was  inserted 
into  the  right  carotid  artery  until  its  tip  lay  in  front  of  the 
aortic  valve.  As  an  indicator,  40-60  ul  saline  solution  was 
injected  into  a  central  vein  catheter  (PE  50),  which  was  placed 
close  to  the  right  atrium,  through  the  right  jugular  vein. 

After  injection  of  the  saline,  changes  in  blood  temperature  and 
arterial  blood  pressure,  as  well  as  EKGs,  were  simultaneously 
recorded  on  a  polygraph. 

b.  Biochemistry 

For  blood  chemistry  determinations,  the 
concentrations  of  glucose,  pyruvate,  lactate,  creatinine, 
bilirubin,  and  the  activities  of  S-GPT,  S-OCT,  CPK,  LDH,  and 
amylase  were  determined  according  to  standard  methods.  After 
acid  extraction  from  freeze-clamped  livers,  the  concentrations 
of  pyruvate,  lactate,  and  adenine  nucleotides  were  enzymatically 
measured . 

c.  Serum  Electrolytes 

Serum  K+  and  ionized  Ca2+  concentrations  were  measured 
by  ion  selective  electrodes. 

d.  Histochemistry 

Routine  frozen  sections  were  cut  from  liver  and 
heart  and  alr“dried  for  the  determination  of  the  following 
enzyme  activities:  AlPase,  AcPase,  ATPase,  SDH,  G6Pase,  and 
G6PDH. 
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e.  Morphological  Studies 

i)  Light  Microscopy 

Specimens  from  liver  and  heart  were  fixed  in 
a  mixture  of  *1$  formaldehyde  and  1$  glutaraldehyde ,  washed  in 
buffer,  processed  through  an  ethanol  series  and  embedded  in 
paraffin.  Sections  of  liver  and  heart  were  cut  and  stained  with 
H  &  E. 

ii)  High  Resolution  Light  Microscopy 

Semi=-thin  sections  from  pi  as  ti  c'-embedded 
liver  and  heart  were  prepared  as  described  below  and  examined 
using  high  resolution  light  microscopy. 

iii)  Transmission  Electron  Microscopy 

Specimens  from  both  models  were  fixed  as 
above.  After  post  fixation  with  OsO^,  they  were  washed  In 
buffer,  dehydrated  through  an  ethanol  series  and  embedded  in 
Epon  812.  Ultrathin  sections  were  cut,  mounted  on  grids, 
double-*stained  with  uranyl  magnesium  acetate  and  lead  citrate 
and  examined  in  a  JEOL  100B  electron  microscope. 

f.  X-ray  Microanalysis 

Small  pieces  of  liver  and  heart  (0.5  mm  in  greatest 
dimension)  were  frozen  by  rapid  direct  immersion  quenching  in 
propane  slush  cooled  by  liquid  nitrogen.  Following  freezing, 
sections  um  in  thickness  were  cut  in  a  conventional  cryostat 

at  -20°C.  While  still  in  the  cryostat,  the  sections  were  picked 
up  onto  cooled,  highly  polished,  pure  carbon  planchets  which 
were  mounted  on  aluminum  stubs.  They  were  then  transferred  to  a 
Vir^-Tis  Automatic  Free ze>-Dr  yer  ,  freeze-dried  under  vacuum  at 
-70°C  overnight  and  allowed  to  warm  slowly  to  room  temperature 
the  following  morning.  Specimens  were  stored  in  a  dessicator  at 
room  temperature  until  examination  in  an  AMR  1000  scanning 
electron  microscope  equipped  with  a  LaBg  gun,  fitted  with  a 
Kevex  SiLl  detector  and  interfaced  with  a  Tracor  Northern  NS  880 
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g.  Statistical  Analysis 

In  the  hemorrhagic  shock  model,  the  paired  two  tailed 
Student’s  t  test  was  performed  to  compare  the  pre-shock  and 
post-shock  values  and  Analysis  of  Variance  was  used  to  compare 
groups.  In  th.*  bacteremic  model,  Analysis  of  Variance  was  used 
to  determine  the  significant  difference  among  groups.  A  value 
of  p  <  0.05  was  considered  significant. 

D.  RESULTS  AND  DISCUSSION  ON  THE  RESULTS 

1.  Hemorrhagic  Shock  Model  in  the  Rat 

a.  Physiological  Studies 

Detailed  results  of  changes  in  Cl,  MABP,  HR,  TPR, 
and  SVI  are  summarized  in  Table  2. 

In  the  LD50  hemorrhagic  shock  group,  Cl  decreased  to  22.7 % 
of  pre-'shock  values  at  15  min,  while  in  the  LD84  group,  Cl 
dropped  to  15.1$  of  pre-shock  values.  MABP  dropped  to  27.8$  and 
23.8$  of  pre-shock  values  in  LD50  and  L D 8 ^  groups,  respectively. 
TPR  increased  to  120$  and  203$  of  pre-shock  values  in  LD50  and 
L  D84  groups,  respectively.  In  shanHoper ated  controls,  no 
significant  changes  were  noted.  EKGs  showed  changes  in  the  ST 
segment  in  both  the  LD50  and  LD84  groups,  indicating  ischemic 
changes . 

These  data  suggest  that  the  presence  of  very  powerful 
sympathetic  mechanisms,  induced  by  released  cathecholamines , 
may,  to  some  extent,  prevent  hypoperfusion  in  vital  organs  by 
inducing  relatively  well  maintained  HR  and  increased  TPR. 

Table  2.  CHANGES  IN  SYSTEMIC  HEMODYNAMICS  FOLLOWING  HEMORRHAGE 

LD50  (n=3)  LD84  (n=6) 


0  min 

15  min 

0  min 

15  min 

Cl  (ml/min/kg) 

312+60 

71+1o! 

46+34! 

MABP  (mmHg) 

141+8 

39+11* 

139+8 

33+1 3* 

HR  (beats/min) 

417+21 

309+40 

416+23 

303+66* 

TPR  (mmHg/ ml/min/kg) 

0.46+0.07 

0.55+0.01 

0.47+0.11 

0.95+0.46 

SVI  (ml/kg) 

0.75+0.11 

0.2310.34* 

0.7310.12 

0.15+0.10 

Values  given  are 

means  +  S.D. ; 

*=Signif leant 

difference 

(p  <  0.05) 

between  0  and  15 

min 

groups  using  paired  t  test 

b.  Biochemistry 

Blood  glucose,  pyruvate,  lactate,  and  ketone  bodies 
were  measured.  Due  to  limited  available  blood  after  hemorrhage, 
fluorospectrometry  for  measurement  of  pyruvate,  lactate,  and 
ketone  bodies  was  used.  Detailed  results  are  summarized  in 
Table  3- 


Increases  in  the  concentrations  of  arterial  pyruvate  and 
lactate  with  decreases  in  the  ratio  of  pyruvate/ lactate  were 
seen  in  both  the  LD50  and  LD84  groups.  However,  hypoglycemia 
was  observed  only  in  the  LD84  group. 

In  arterial  ketone  bodies,  the  concentration  of  AcAc  in  both 
the  LD50  and  LD84  groups  decreased  but  that  of  BHOH  did  not 
significantly  change,  thus  decreasing  the  ratio  of  AcAc/BHOH  in 
both  groups.  Since  the  main  source  of  production  of  AcAc  and 
BHOB  is  the  liver  and  since  these  substrates  are  diffusable  and 
well  regulated  by  the  oxi do^reduc ti on  state  of  free  NAD+/NADH  in 
liver  mitochondria,  the  ratio  of  arterial  AcAc/BHOB  indirectly 
reflects  the  redox  state  of  free  NAD+/NADH  in  liver  mito¬ 
chondria.  Despite  the  powerful  sympathetic  reflex,  as  indicated 
by  the  physiological  monitor  mentioned  above,  these  data  suggest 
that  the  oxygen  supply  to  liver  mitochondria  is  insufficient  to 
produce  NADH  through  the  mitochondrial  respiratory 
chain  in  both  the  LD50  and  LD84  groups. 

Table  3.  CHANGES  IN  CONCENTRATIONS  OF  BLOOD  GLUCOSE  AND  ARTERIAL 

PYRUVATE,  LACTATE,  AND  KETONE  BODIES  FOLLOWING  HEMORRHAGE 

LD50  LD84 

0  min  15  min  0  min  15  min 


Glucose  (6)109.1+14.1 
Pyruvate  (5)0.174+0.031 
Lactate  (5)  2.57+0.63 
P/Lx102  (5)  6.95+1 .46 

AcAc  (6)0.046+0.013 
BHOB  (6)0.170+0.116 
A+B  (6)0.216+0.117 
A/B  (6)0.368+0.183 


109.4+20.9 
0.23310.067* 
11. 2916.39* 
2.4710.98* 
0.02610.01 4* 
0.17110.113* 
0.19710.119 
0.202+0.120* 


(6)112.5112.0 
(5)0.14810.01 
(5)  2.04+0.23 
(5)  7.31+0.97 
(5)0.067+0.029 
(5)0.16510.107 
(5)0.25210.095 
(5)0.432+0.208 


80.3_H0.4* 

0.19110.046* 

7.69+1.79* 

2.4910.73* 

0.02710.010* 

0.15210.067 

0.17910.068 

0.20310.109* 


Values  =  meansiS.D. 

Glucose  =  mg/dl 

Lactate,  Pyruvate,  AcAc,  BHOB  =  umoles/ml 
(n)  =  number  of  animals 

*  =  significant  difference  (p  <  0.05)  between  0  and  15  min  groups 
using  paired  t  test 
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c.  Serum  Electrolytes 

K+  and  Ionized  Ca2+  concentrations  in 
serum  were  measured  by  ion  selective  electrodes.  Isotonic  2,  4 
and  6  mM  KC1  solutions  for  K+  and  0.5,  1.0,  and  1.5  mM 
CaCl2  solutions  for  ionized  Ca2  +  were  used  as  standards. 
Measurements  were  performed  in  a  25°C  water  bath.  Results  are 
summarized  in  Table  4. 


Significant 
hemorrhage  were 
higher  values. 


increases  in  K+  concentrations  after 


noted,  with  the  more  severe  hemorrhage 
On  the  other  hand,  decreases  in  ionized 


inducing 
Ca2  + 


concentrations  in  the  serum  after  hemorrhage  were  observed. 


Table  4.  CHANGES  IN  K+  AND  IONIZED  Ca2+  CONCENTRATIONS  IN  SERUM 
FOLLOWING  HEMORRHAGE 


LD50  LD84 

0  min  15  min  0  min  15  min 

K+  (mEq/L)  (8)  3.2+0. 6  6.51,0.9*  (7)  3. 2+0. 7  6.9+1 .0* 

Ca2+  (mEq/L)  (8)  1.08+0.25  0.0851,0.24*  (7)  1.06+0.36  0.82+0.31  * 


Values  given  are  means+S.D. 

*  =  significant  difference  (p  <  0.05)  between  0  and  15  min  groups 
using  paired  t  test 


The  availability  of  mini  ion  selective  electrodes  has 
enabled  the  measurement  of  specific  ion  concentrations  in  small 
amounts  of  serum.  Since  these  ion  selective  electrodes  are 
highly  specific  to  certain  ions  and  the  technique  is  quite 
simple,  reproducibility,  therefore,  is  quite  high  [21,22,23,24]. 


Although  the  exact  mechanism  of  hyperkalemia  is  unclear, 
x-ray  microanalysis  of  ions  in  tissues,  as  described  below, 
showed  decreases  in  the  concentration  of  K+  in  the  liver  and 
heart  after  hemorrhage.  Thus,  released  K+  from  cells  in  their 
energy-*depl eted  state  may  well  provide  the  mechanism  for  the 
serum  increase. 


In  our  rat  hemorrhagic  shock  model,  the  mechanism 
responsible  for  the  hypocalcemia  is  also  unclear.  However, 
decreased  oxygen  supply  to  tissues,  as  mentioned  above,  leads  to 
depression  or  depletion  of  cellular  energy,  especially  ATP,  This 
decreased  cellular  energy  causes  cessation  of  the  Na-Ca  and/or 
H+-Ca  pumps,  causing  accumulation  of  Ca2+  in  intracellular 
compartments,  potentially  in  mitochondria  and/or  the  endoplasmic 
reticulum  (ER).  This  accumulation  of  Ca2+  in  cells  may  cause 
decreased  Ca2+  concentration  in  the  serum.  Another  possible 
explanation  is  that  severe  hemorrhage  induces  cathecholamine 
release,  as  mentioned  above,  leading  to  peripheral  hemostasis 
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whi  ch 
Ca2  + 
Ca2  + 


may  result  In 
in  the  serum, 
in  cells,  Ca2+ 


intra-vascular  coagulation.  This  requires 
Thus,  in  addition  to  the  accumulation  of 
in  the  serum  may  decrease  due  to  binding. 


[25]  studied  changes  in  Ca2+ 


levels  in 

Total 
2  + 


Harrigan  et  al 

severe  shock  patients  during  and  after  resuscitation, 
serum  proteins,  serum  albumin,  total  Ca2+,  and  ionized  CatT  were 
significantly  reduced.  The  severity  of  hypocalcemia  paralleled 
the  hypoproteinemla,  the  number  of  transfusions  given  during 
resuscitation,  and  the  duration  of  shock.  From  their  data,  they 
suggested  that  increased  e xtr avas cul ar  Ca2+  flux  occurs  with 

indeed,  relate  to 


severe  shock, 
the  ion  shifts 


As  mentioned  above,  this  may, 
observed  in  cells  here  in  our  study. 


Carpenter  et  al.  [22],  in  a  study  of  hemorrhagic  shock  in 
baboons  who  were  then  resuscitated,  found  significant 
diminutions  (51%)  in  Ca2+  in  serum  following  resuscitation.  Such 
a  finding  is  consistent  with  our  hypothesis  in  the  sense  of  the 
reflow  phenomenon.  Reflow  into  previously  ischemic  energy 
depleted  areas  would  be  expected  to  result  in  an  increase  in 
intracellular  Ca2+,  as  is  typically  seen  following  reflow  in 
ischemic  myocardium.  The  above  authors  infer  that  such  an 
increase  in  intracellular  Ca2+  is  a  manifestation  of  the  "sick 
cell"  syndrome.  This  is,  of  course,  also  consistent  with  our 
own  work  and,  indeed,  emphasizes  the  desirability  of  measuring 
intracellular  electrolytes  as  we  have  done  in  this  study,  since 
without  measuring  intracellular  electrolytes,  one  is  only 
dealing  with  an  inference. 


The  differences  in  changes  noted  in  serum  Ca2+  during  shock 
between  our  rat  hemorrhagic  shock  model  and  the  above'-mentioned 
baboon  model  may  depend  upon  the  severity  of  shock,  since  the 
blood  pressure  in  the  baboons  was  maintained  at  60  mmHg  whereas 
the  blood  pressure  was  less  than  30  mmHg  in  our  rat  model  when 
blood  samples  were  taken.  The  severe  shock  may  cause  a  greater 
influx  of  Ca2+  into  the  cells,  resulting  in  decreases  in  Ca2+  in 
the  serum. 


Carpenter  et  al .  [22]  also  showed  that  there  were  changes 
in  all  forms  of  Mg;  namely,  an  increase  in  serum  Mg2+  during 
shock  which  then  returned  to  normal  levels  after  resucitation . 
We  have  not  thus  far  observed  significant  changes  in  intra¬ 
cellular  Mg2+  levels  in  our  hemorrhagic  shock  model  but  there 


has  be 

en 

some  e 

vi  d 

ence 

of 

such  deer e as 

e s  in  o 

ur 

ba  c  t  er 

emi  c 

s 

ho 

model 

as 

des  cr  i 

bed 

bel 

ow . 

These  same 

inves  ti 

gat 

ors  [22]  a 

Is 

0 

noted 

in 

creases 

i  n 

ser 

urn 

phosphate  levels  whi 

ch 

mi  ght 

well 

corr el 

at 

e  with 

the 

decreased  cellular 

phospha 

te 

levels 

obs 

er 

ve 

in  our 

s 

tudi es 

as 

dete 

cted  by  x^ray  mi 

croanal 

ysi 

s  (see 

bel 

ow 

)  . 

d. 


1  6 


X-ray  Microanalysis 

Typical  ion  measurements,  using  x-ray  micro¬ 
analysis,  of  il  um  freeze*dried  sections  of  liver  and  heart  after 
hemorrhage  are  shown  in  Fig.  1.  ' SHAM^LIVER*  and  ' SHAM^HEART ' 
represent  tissues  obtained  from  an  animal  in  which  only  surgical 
manipulation  was  performed  while  'EXPT-LIVER'  and  'EXPT-HEART' 
were  obtained  from  an  animal  following  a  15  min  interval  of  LD8H 
hemorrhagie  as  described  in  the  ’Methods'  section  above.  P-B1/B2 
represents  the  peak  (P)  to  background  (B)  ratios  for  each 
element  as  computed  according  the  previously  described 
methodology.  Note  the  increases  in  Na,  Cl,  and  Ca  and  the 
decreases  in  K  and  P  in  both  the  liver  and  heart  from  the 
hemorrhagic  animal  as  compared  to  the  sham  control  values.  These 
data  are  in  good  agreement  with  the  above  serum  electrolyte  data 
since,  as  discussed  above,  a  decrease  in  serum  electrolytes 
corresponds  to  an  increase  in  intracellular  electrolytes. 


HEMORRHAGIC  SHOCK  -  15  MIN 


1  1  SHAM-HEART  E8E8  EXPT -HEART 


Fig.  1 
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2.  Bacteremic  Model  In  the  Rat 
i.  Sublethal  Bacteremia 

A  sublethal  dose  of  live  E.  coli  or  saline  was 
injected  into  the  tail  veins  of  conscious  rats  and  at  6,  9,  12 
and  24  hrs  later,  various  parameters  were  measured. 

a.  Physiological  Studies 

The  effects  of  sublethal  E.  coli  bacteremia 
on  systemic  hemodynamics  were  studied  at  6,  9,  12,  and  24  hrs 
after  the  bacteremic  insult.  The  results  are  summarized  in 
Table  5.  No  significant  changes  in  systemic  hemodynamics  were 
observed . 

b.  Biochemistry 

At  6,  9,  12,  and  24  hrs  after  sublethal 
bacteremia,  the  concentrations  of  blood  glucose,  arterial 
pyruvate,  lactate,  ace toace tate ,  and  beta-hydroxybutyrate  and 
serum  creatinine  and  bilirubin  as  well  as  the  activities  of 
S-GPT,  S-OCT,  CPK,  LDH  and  amylase  were  measured.  Increases  in 
the  concentration  of  blood  glucose  were  observed  at  6,  9,  and  12 
hrs  following  sublethal  bacteremia.  However,  decreases  in  the 
total  ketone  bodies  (acetoacetate  +  beta-hydroxybutyrate)  were 
noted  throughout  the  experimental  period.  There  were  no 
significant  changes  in  serum  creatinine  and  bilirubin  levels  or 
enzyme  activities.  The  results  are  summarized  in  Table  6. 

Although  as  summarized  in  Table  7,  there  was  no  detectable 
deterioration  of  liver  high  energy  status,  decreases  in  the 
concentration  of  total  ketone  bodies  (acetoacetate  + 
beta-hydroxybutyrate)  in  the  liver  were  noted,  suggesting  some 
type  of  metabolic  change  such  as  in  carbohydrate  metabolism. 

Also,  our  recent  preliminary  data  on  citrulline  production 
from  liver  homogenates  (data  are  not  shown  in  this  report) 
suggest  that  ATP  production  in  mitochondria  following  sublethal 
bacteremia  was  enhanced  since  the  synthesis  of  citrulline 
requires  ATP  which  is  generated  from  intact  mitochondria.  This 
observation  of  a  hyperfunctional  mitochondrial  state  is  in 
agreement  with  our  previous  work  on  isolated  liver  mitochondria 
following  lethal  bacteremia.  Lethal  bacteremia  also  induces 
so-called  "super  mitochondria"  in  the  liver.  More  importantly, 
these  changes  are  also  induced  by  sublethal  bacteremia  and  can 
be  detected  by  measuring  ketone  body  contents  in  the  arterial 
blood.  Changes  in  ketone  body  concentrations  in  the  liver 
reflect  the  changes  in  ketone  body  concentrations  in  the 
arterial  blood. 


TABLE  5.  CHANCES  IN  SYSTEH1C  HEMODTNAMICS  FOLLOWING  SU8LETHAL  BACTEREMIA 
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c.  Serum  Electrolytes 

Serum  electrolyte  measurements  following  12  hrs  of  sublethal 
bacteremia  showed  a  decrease  in  ionized  Ca2  +  and  an  increase  in 
K+  concentrations  (Table  8). 

Table  8.  CHANGES  IN  K+  AND  IONIZED  Ca2  +  CONCENTRATIONS  IN  SERUM 
AT  12  HRS  FOLLOWING  SUBLETHAL  E.  COLI  BACTEREMIA 

Saline  12  Hrs 

K+  (mEq/L)  3.3  3.9 

Ca2  +  (mEq/L)  2.2  1.5 


ii.  Lethal  Bacteremia 

a.  Physiological  Studies 

The  effects  of  lethal  E.  coli  bacteremia  on 
systemic  hemodynamics  and  ICG  clearance  test  were  studied  at  6, 

9,  and  12  hrs  after  a  bacteremie  insult.  A  hypodynamic  state 
was  noted  at  9  and  12  hrs.  The  results  are  summarized  in  Table 
9. 

Insignificant  decreases  in  TPR  at  6  hrs  was  followed  by 
significant  increase;:  at  9  and  12  hrs.  This  is  compatible  with 
the  early  hyperdynamic  state  seen  in  various  experimental 
animals,  including  baboons,  dogs,  and  rats  [26,20],  The  late 
hypodynamic  state  seen  at  9  and  12  hrs  is  probably  due  to  a 
combination  of  decreased  venous  return  following  sustained 
peripheral  pooling  and  myocardial  dysfunction  as  indicated  by 
high  CPK  release  in  the  serum  (see  below). 

The  ICG  clearance  test,  which  is  a  good  indicator  of  hepatic 
blood  flow,  decreased  following  the  bacteremie  insult. 

b.  Biochemistry 

At  6,  9,  and  12  hrs  after  bacteremia,  the  concen¬ 
trations  of  blood  glucose,  pyruvate,  and  lactate  and  serum 
creatinine  and  bilirubin  and  the  activities  of  S-GPT,  S-OCT, 

CPK,  LDH,  and  amylase  were  measured.  Hypoglycemia  and  lactic 
acidemia  and  increases  in  the  concentrations  of  serum  creatinine 
arid  bilirubin  were  observed.  Increases  in  the  activities  of 
S-GPT,  S-OCT  and  LDH  and  no  increases  in  amylase  were  noted.  The 
results  are  summarized  in  Table  10.  As  mentioned  above,  high 
CPK  values  were  seen  at  12  hrs  when  the  hypodynamic  state  was 
well  established. 
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Table  9.  CHANGES  IN  SYSTEMIC  HEMODYNAMICS  AND  ICG  CLEARANCE 
TEST  FOLLOWING  LETHAL  E.  COLI  BACTEREMIA 

Control  6  Hrs  9  Hrs  12  Hrs 

(n-8)  (n*=6)  (n**6)  (n=6) 


Cl  25*1+23 

TPR  0.533+0.0*11 
SVI  0.57710.076 
BP  1 3516 

HR  4*1*1+28 

ICG  2.710.4 

Value  =  MeaniS.D. 

Cl  =  ml/min/kg 
TPR  =  mmHg/ml/min/kg 
SVI  =  ml/ kg 
MABP  =  mmHg 
HR  =  beats/min 
ICG  -  t  1/2  (min) 

*  =  significant  difference  (p  <  0.05)  vs  control 


c.  Serum  Electrolytes 

Concentrations  of  serum  K+  and 
using  ion  selective  electrodes.  Increases  in 
initial  decreases  in  ionized  Ca^+  were  noted, 
shown  in  Table  1  1 . 

Prominent  among  the  laboratory  characteristics  of 
staphylococcal  toxic^shoek  syndrome  in  patients  is  hypocalcemia. 
Recently,  Chesney  et  al .  [24]  demonstrated  that  hypocalcemia 
represented  a  reduction  in  both  total  Ca2  +  and  ionized  Ca2  +  with 
elevated  immunoreac ti ve  calcitonin.  In  experimental  animals, 
Trunkey  et  al .  [23]  reported  that  the  serum  ionized  Ca2+ 
concentration  decreased  during  septic  shock  in  the  baboon  as  did 
the  skeletal  muscle  extracellular  pool  of  Ca2+  [27].  Using  red 
blood  cells,  Shires  et  al.  [28]  demonstrated  the  cellular  uptake 
of  Cl- ,  Na+  and  water,  and  a  loss  of  K+  during  septic  shock  in 
baboons.  They  suggested  decreased  energy  utilization  rather 
than  decreased  energy  production  as  a  factor  leading  to 
diminished  active  ion  transport  during  septic  shock. 

Carli  et  al .  [29]  demonstrated  that  septic  shock  sera  from 
patients,  when  compared  to  normal  sera,  increased  the  action 
potential  duration  and  depressed  contractility  of  beating 
cardiac  cells.  Addition  of  Ca2+  reversed  these  two  actions. 


?  + 

Ca 6  were  measured 
K+  with  time  and 
The  results  are 


244+46 
0.501+0.109 
0.496+0.097 
114+7* 
475+1 1 
7.6+3. 3* 


177+63* 
0.703+0.226* 
0.433+0.130* 
114+10* 
402+37* 
8.6+4. 1* 


182+22* 
0.679+0.086* 
0.37310.045* 
122+21 
488+25* 
8.1+1 .3* 
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Again,  as  mentioned  above,  all  op  these  results  are  compatible 
not  only  with  our  serum  electrolyte  data  but  also  with  our  x-ray 
microanalysis  data  since  a  decrease  in  serum  electrolytes 
corresponds  to  an  increase  in  intracellular  tissue  electrolytes. 

d.  Histochemistry 

After  lethal  bacteremia,  AlPase,  AcPase,  ATPase, 

SDH,  G6Pase  and  G6PDH  were  performed  on  liver  frozen  sections. 
Increases  in  AlPase  activity,  due  to  the  positive  activity  over 
the  leukocytes  which  had  migrated  into  the  sinusoid,  and 
increases  in  AcPase  activity  in  the  parenchymal  cell  were  noted. 
The  increases  in  AcPase  activity  in  the  parenchymal  cells 
indicated  the  quantitative  increases  in  the  number  of  secondary 
lysosomes.  ATPase,  SDH,  G6Pase,  and  G6PDH  showed  no  significant 
changes . 

e.  Morphological  Studies 

Routine  light  microscopic  observations  showed 
infiltration  of  leukocytes  surrounding  foci  of  bacterial  colony 
in  the  heart  during  hypodynamia  state  after  E.  coli  bacteremia. 
Recently,  Manson  and  Hess  [30]  hypothesized  that  oxygen  free 
radicals  from  leukocytes  contribute  to  the  char acter 1 sti c 
myocardial  dysfunction  of  endotoxin  shock.  Free  radicals  can 
directly  affect  the  function  and  activity  of  the  excitation- 
contraction  coupling  system  of  cardiac  muscle. 

Plas ti c- embedded  semi-thin  sections  of  liver  were  examined 
using  high  resolution  light  microscopy.  Foci  of  hepatocellular 
injury  were  observed  as  increasing  in  size  and  number  with  time. 
Focal  accumulation  of  fibrin  and  degeneration  and  debris  of 
leukocytes  in  the  sinusoids  were  observed.  Focal  accumulation 
of  lipid  droplets  with  time  was  also  noted. 

Electron  microscopy  showed  swollen  mitochondria  and 
increases  in  the  number  of  autophagic  vacuoles  with  time.  The 
increased  number  of  autophagic  vacuoles  observed  in  the 
hepatocytes  of  these  animals  is  of  great  interest.  In  previous 
studies,  we  have  characterized  and  analyzed  this  phenomenon  in 
various  models  including  that  in  which  autophagy  is  induced  by 
infusion  by  glucagon  or  administration  of  vinblastine  [31.32]. 

We  also  have  been  observing  massive  increases  in  the  number  of 
autophagic  vacuoles  in  tissues  from  biopsies  and/or  immediate 
autopsies  of  patients  with  severe  sepsis  in  our  trauma  unit 
[331*  .  This  phenomenon  appears  to  be  related  to  modification 

of  the  cytos kel eton ,  perhaps  occasioned  by  intracellular 
messengers  Including  Ca2+.  This  might  explain  the  induction  of 
this  phenomenon  by  glucagon  as  well  as  vinblastine.  In  i_n  vitro 
studies  in  our  laboratory  have  been  successful  in  reproducing 
autophagy  using  the  Ca  ionophore  A23187,  which  increases  Ca 


influx  [3H].  The  increased  number  of  autophagic  vacuoles,  noted 
in  the  present  study,  also  correlated  with  the  light  microscopic 
demonstration  of  increased  activity  of  acid  phosphatase,  a 
well-known  lysosomal  marker.  Such  increased  autophagy  is  one  of 
the  principle  known  means  of  organelle  turnover  and  may 
correlate  with  the  increased  protein  catabolism  observed  in 
animals  and  patients  with  sepsis. 

The  mitochondrial  swelling  observed  in  the  hepatocytes  is 
also  of  interest  and  represents  an  early,  although  reversible, 
change  following  a  variety  of  types  of  cell  injury.  It  is  our 
hypothesis  that  this  swelling  directly  correlates  with 
modification  of  intracell ul ar  electrolytes.  An  increase  of 
ionized  Ca2+  in  the  cytosol  could  activate  phospholipases  which 
modify  mitochondrial  inner  membrane  permeability. 

The  mechanism  of  damage  to  the  hepatocytes  in  bacteremia 
and/or  sepsis,  of  course,  is  an  important  question.  In  our 
bacteremlc  model,  these  lesions  were  predominantly  seen  in  the 
areas  where  leukocytes  had  migrated  and  aggregated,  suggesting 
that  there  is  some  correlation  between  the  infiltration  of 
leukocytes  and  the  damage  to  hepatic  parenchymal  cells.  One 
possible  mechanism,  as  shown  in  our  working  hypothesis  [17,18], 
is  membrane  damage  from  complement,  endotoxins,  or  toxic 
products  of  leukocytes  such  as  superoxide  and  related  meta- 
bol 1 tes . 

f.  X-ray  Microanalysis 

Typical  ion  measurements,  using  x-ray  microanalysis, 
of  4  um  freeze-dried  sections  of  liver  and  heart  after 
bacteremia  are  shown  in  Fig.  2.  'SALINE  C  -  LIVER'  and  'SALINE 
C  -  HEART'  represent  tissues  obtained  from  an  animal  in  which 
saline  only  was  injected  into  the  tail  vein  while  '9  HR-BACT- 
LIVER'  and  '9  HR-BACT -HEA RT '  were  obtained  from  an  animal  9  hrs 
following  an  injection  of  a  lethal  dose  of  E.  coli  organisms. 
P~B-|/B2  represents  peak  (P)  to  background  (B)  ratios  for  each 
element  as  computed  according  to  previously  described  methodol¬ 
ogy,  Note  the  increases  in  Na,  Cl,  and  Ca  and  the  decrease  in  P 
in  both  the  liver  and  heart  following  the  bacteremlc  episode  as 
compared  to  the  sal i ne- inj ec t ed  controls.  Note  also  that  K 
decreases  in  the  liver  but  increases  in  the  heart.  Such  an 
increase  in  K  has  been  noted  by  Clemens  et  al .  [35]  in  hepato¬ 
cytes  following  sepsis  in  mi cro punct ure  areas  of  hyperpolari¬ 
zation.  Again,  as  mentioned  above,  x-ray  microanalysis  of 
intracellular  ions  adds  considerably  to  our  knowledge  of  changes 
occurring  in  bacteremia  by  indicating  clearly  that  such  shifts 
or  redistributions  do,  indeed,  occur. 


BACTEREMIA 


UNOPER  C-LIVER 


1 _ J  UNOPER  C-HEART 


W/A  8  HR-BACT-LIVER 
182  0  HR-e  ACT-HEART 


Fig.  2 


E.  CONCLUSIONS 

In  our  _in  vivo  rat  hemorrhagic  shock  model,  measurements  of 

intracellular  ion  shifts,  as  determined  by  x^ray  microanalysis 

of  freeze-dried  4  urn  sections  of  liver  and  heart,  correlated^ 

+  2  + 

with  the  significant  changes  seen  in  serum  K  and  ionized  Ca 
concentrations  as  well  as  with  the  physiologic,  biochemical,  and 
morphological  paramtoers  described  above.  The  depressed  energy 
production,  due  to  the  decreased  oxygen  delivery,  resulted  in 
inhibition  of  the  active  membrane  transport,  causing  the 
intracellular  ion  shifts.  These  i ntracellular  ion  shifts  may 
well  provide  the  mechanism  for  the  increase  in  KT  and  the 
decrease  in  the  ionized  Ca2+  concentration  in  the  serum. 

In  addition,  xur ay  microanalysis  measurements  revealed 
decreases  in  phosphorus.  Although  serum  phosphate  levels  were 
not  measured  in  our  study,  Carpenter  et  al .  [22]  have  shown  that 
they  did  increase  significantly  during  hemorrhagic  shock  in  the 
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baboon.  The  above  would,  therefore,  agree  with  the  hypothesis 
that  a  decrease  in  serum  electrolyte  levels  corresponds  to 
increases  in  intracellular  ion  levels. 


The  bacteremia  rat  model  closely  approximates  the 
pathophysiology  and  subcellular  changes  seen  in  patients  with 
sepsis.  It  is  striking  that  the  morphological  changes  in  the 
heart  and  liver  correspond  so  closely  with  observations  made  in 
this  laboratory  on  tissues  from  traumatized  humans  with  sepsis 
from  our  Immediate  Autopsy  Program  [33].  The  subcellular 
changes  in  the  liver  in  those  studies  consisted  of  focal 
mitochondrial  swelling  and  a  large  increase  in  the  number  of 
autophagic  vacuoles  and  secondary  lysosomes.  Focal  accumulation 
of  leukocytes  and  fibrin  as  well  as  degeneration  and. debris  of 
the  leukocytes  in  the  sinusoids  and  focal  lipid  accumulation  in 
hepatocytes  were  also  often  observed  in  the  rat  model  in  the 
present  studies. 


Mitochondrial  swelling 
decreased  K+,  and  increased 
previous  work  on  simplified 
phenomena  occurred  simultaneously, 
not  fortuitous  but  may  be  causally 
Na+,  in  some  cells  at  least,  leads 
mitochondria  and,  at  the  same  time 
cellular  Ca2+,  possibly 
Although  at  the  present 


correlated  with  Increased  Na+, 

Ca2  +  in  the  hepatocytes.  In 
models  Jin  v  1  tro  [36],  these 

In  our  hypothesis,  this  is 
interrelated.  The  increased 


,2  + 


efflux  from  the 


to  Ca 

to  an  increase  in  intra^ 
through  decresed  Na-Ca  exchange, 
time,  there  is  question  regarding  this 


mechanism  in  the  liver,  it  is  clear  that  increases  in  Ca^ 
result  in  uncoupling  of  mitochondrial  oxidative  phosphorylation 
and  mitochondrial  swelling.  No  precipitates  of  Ca2+  in  the  form 
of  hydroxyapatite  occurred  in  the  liver  mitochondria  in  the 
bacteremic  shock  model,  in  contrast  to  other  types  of  cell 
injury  as  noted  in  our  Flowchart  (see  Appendix). 


The  autophagic  vacuoles  seen  in  the  hepatocytes  of  the 
bactermic  model  were  not  only  striking  but  also  represented  a 
striking  parallel  with  changes  seen  in  the  human  shock  liver. 
Autophagic  vacuoles,  not  commonly  known  in  medicine,  may 
represent  an  important  sublethal  reaction  to  injury.  When  these 
form,  there  is  a  budding  of  the  cytosolic  contents  into  the 
lumens  of  the  cytocavitary  network.  In  our  hypothesis  [17,18], 
this  represents  a  form  of  cytosolic  blebbing,  in  this  case,  into 
the  endoplasmic  reticulum  cisternae  rather  than  into  the 
extracellular  space. 

Finally,  it  is  important  to  recognize  that  the  changes  seen 
in  the  liver  vary  from  area  to  area.  Indeed,  in  histologic 
sections,  the  changes  are  regional,  involving  local  degeneration 
and  local  accumulation  of  leukocytes  and  fibrin  in  the 
sinusoids.  Among  the  advantages  of  x-ray  microanalysis  is  the 
possibility  of  evaluating  differences  in  ion  shifts  in  different 


cells  and  to  correlate  these  with  changes  in  subcellular 
systems,  other  intracellular  events,  and  other  changes  such  as 
accumulation  of  leukocytes.  It  is  our  working  hypothesis  that 
one  mechanism  of  cell  injury  is  from  membrane  damage.  The  toxic 
products  of  infiltrated  leukocytes  such  as  superoxide  and 
related  metabolites  may  play  a  possible  role  in  such  regional 
cell  injury. 

F.  RECOMMENDATION 

The  studies  conducted  during  this  contract  period  have 
clearly  validated  the  utility  of  these  two  j.n  v_ivo  models  for 
the  study  of  hemorrhagic  and  bacteremic  shock,  respectively.  The 
results  with  the  bacteremic  model  have  been  particularly 
exciting  and,  therefore  based  on  the  results  and  observations 
described  in  this  report,  it  is  logical  that  we  extend  our 
studies  with  the  following  goals: 

1.  to  characterize  ion  shifts  in  more  detail  at  the 
organelle  level,  using  x-ray  microanalysis,  in  livers  and  hearts 
from  our  _in  vivo  bacteremic  shock  animal  model  and  to  correlate 
such  with  physiological,  biochemical,  and  morphological  data; 

2.  to  explore  the  role  of  oxygen  free  radicals  released 
from  Infiltrated  leukocytes  on  hepatocellular  injury  and  cardiac 
dysfunction  seen  in  the  hypodynaraic  state; 

3.  to  explore  the  nature  of  protein  catabolism  as  indicated 
by  our  observation  of  increased  autophagic  vacuoles  and 
secondary  lysosomes; 

i).  to  explore  the  effects  of  various  interventions  such  as 

a.  non-’Steroi  dal  anti-inflammatory  agents  and  cortico¬ 
steroids  which  alter  production  of  oxygen  free 
radicals  as  well  as  membrane  stability,  and; 

b.  calcium  entry  blockers  which  modify  intracellular 
ion  shifts; 

5.  to  study  ion  shifts  in  tissues  from  the  in  vivo  model, 
using  x-»ray  microanalysis,  following  various  interventions  and 
to  correlate  such  with  physiological,  biochemical,  and 
morphological  data. 

In  future  studies,  in  vitro  rat  hepatocyte  and  myocyte 
models  could  be  used  and  the  same  biochemical  and  morphological 
techniques  as  described  above  performed,  including  x-ray 
microanalysis  of  intracellular  ions.  Comparison  of  responses  of 
the  rat  hepatocyte  model  with  a  human  hepatocyte  model  could  be 
included  in  future  studies. 


28 


LITERATURE  CITED 

1.  Virchow,  R. :  Vorlesungen  uber  Pabhologie,  Berlin, 
Hirschwald,  1  863. 

2.  Chandler,  J.A.:  X-ray  ml croanalysi s  In  the  electron 
microscope.  In:  Practical  Methods  in  Electron  Microscopy. 
Vol.  6  (Glauert,  A.M.,  ed.),  Nor th-Holl and  Publ .  Co., 
Amsterdam,  pp.  31 7 5 ^ 7 ,  1  977. 

3.  Bane,  A.E.:  Multiple,  progressiver  or  sequential  system 
failure.  A  syndrome  of  the  1970's.  Arch.  Surg. 

110:779-781,  1975. 

4.  Trump,  B.F.:  The  role  of  cellular  membrane  systems  in 
shock.  In:  The  Cell  in  Shock,  The  Upjohn  Co.,  Kalamazoo, 
MI.,  pp.  16-29,  1974. 

5.  Trump,  B.F.,  Berezesky,  I.K.,  Chang,  S.H.,  Pendergrass, 

R. E.,  and  Mergner,  W.J.:  The  role  of  ion  shifts  in  cell 
injury.  Scanning  Electr.  Microsc.  3:1  -1  3,  1979. 

6.  Trump,  B.F.,  Laiho,  K.U.,  and  Berezesky,  I.K.:  The  role  of 
ion  movements  in  cell  injury  and  shock.  Circ.  Shock  6:182, 
1  979. 

7.  Nichols,  B.L.,  Bilbrey,  G.L.,  Hazelwood,  C.F.,  Kimzey, 

S. L.,  Liu,  C.T.,  Viteri,  F.,  Alvarado,  J.,  and  Beisel, 

W.R.:  Sequential  changes  in  body  composition  during 
infection;  Electron  probe  study.  IV.  Amer.  J.  Clin.  Nutr. 
30:1439-1446,  1977. 

3.  Cunningham,  J.N.,  Shires,  G.T.,  and  Wagner,  Y.:  Cellular 
transport  defects  in  hemorrhagic  shock.  Surgery 
70:215-222,  1971. 

9.  Silver,  I. A.:  Ion  movements  induced  by  endotoxin  in 
cultured  cells.  Circ.  Shock  5:221-222,  1978. 

10.  DePalma,  R.G.,  Harano,  Y.,  Robinson,  A.V.,  and  Holden, 

W.D.:  Structure  and  function  of  hepatic  mitochondria  in 
hemorrhage  and  endotoxemia.  Surg.  Forum  21  : 3 — 6  ,  1  970  . 

11.  DePalma,  R.G.,  Levy,  S.,  and  Holden,  W.D.:  U1 trastr ucture 
and  oxidative  phosphorylation  of  liver  mitochondria  in 
experimental  hemorrhagic  shock.  J.  Trauma  10:122-132, 

1  970. 

12.  Schumer,  W.,  Erve,  P.R.,  and  Obernolte,  R.P.:  Endotoxemic 
effect  on  cardiac  and  skeletal  muscle  mitochondria.  Surg. 
Gynecol.  Obstet.  133:433-436,  1970. 


29 


13.  Schumer ,  W.,  Gupta,  T.K.D.,  Moss,  G.S.,  and  Nhyus,  L.M.: 
Effect  of  endotoxemla  on  liver  cell  mitochondria  in  man. 

Ann.  Surg.  171  : 875 -882 ,  1970. 

14.  Kilpatrick^Smith ,  L.,  Erecinska,  M.,  and  Silver,  I. A.: 

Early  cellular  responses  in  vitro  to  endotoxin  administra¬ 
tion.  Circ.  Shock  8:585**600,  1  981  . 

15.  Spitzer,  J.J.,  Bechtel,  A. A.,  Archer,  L.T.,  Black,  M.R., 
and  Hinshaw,  L.B.:  Myocardial  substrate  utilization  in  dogs 
following  endotoxin  administration.  Aoer.  J.  Physiol. 

227:1  32-1  36,  1  974. 

16.  Liu,  M.S.,  and  Spitzer,  J.J.:  In  vitro  effects  of  E.  coli 
endotoxin  on  fatty  acid  and  lactate  oxidation  in  canine 
myocardium.  Circ.  Shock  4:181-190,  1977. 

17.  Trump,  B.F.,  Berezesky,  I.K.,  and  Phelps,  P.C.:  Sodium  and 
calcium  regulation  and  the  role  of  the  cytoskeleton  in  the 
pathogenesis  of  disease:  A  review  and  hypothesis.  Scanning 
Electr.  Microsc.  2:434-454,  1981. 

18.  Trump,  B.F.  and  Berezesky,  I.K.:  The  role  of  sodium  and 
calcium  regulation  in  toxic  cell  injury.  In:  Drug 
Metabolism  and  Drug  Toxicity  (Mitchell,  J.R.,  and  Horning, 
M.G.,  eds . )  ,  Raven  Press,  New  York,  pp .  261  -300,  1  984  . 

19.  Tanaka,  J.,  Sato,  T.,  Jones,  R.T.,  Trump,  B.F.,  and  Cowley, 

RA :  The  pathophysiology  of  septic  shock:  Responses  to 

different  doses  of  live  Escherichia  coli  injection  in  rats. 
Adv.  Shock  Res.  9:101-114,  1983. 

20.  Sato,  T.,  Isoyama,  T.,  Tanaka,  J.,  Jones,  R.T.,  Cowley,  R 
A.,  and  Trump,  B.F.:  The  pathophysiology  of  septic  shock: 
Changes  in  hemodynamics  in  rats  following  live  E.  coli 
injection.  An  application  of  the  thermodilution  method  for 
measurement  of  cardiac  output.  Adv.  Shock  Res.  7  : 2 5 - 4 2  , 

1  982. 

21.  Moore,  E.W.:  Ionized  calcium  in  normal  serum,  ultra¬ 
filtrates,  and  whole  blood  determined  by  ion?e xchange 
electrodes.  J.  Clin.  Invest.  49:318-334,  1970, 

22.  Carpenter,  M.A.,  Trunkey,  D.D.,  and  Holcroft,  J. :  Ionized 
calcium  and  magnesium  in  the  baboon:  Hemorrhagic  shock  and 
resuscitation.  Circ.  Shock  5:163-:»1  72,  1  978. 

23.  Trunkey,  D.,  Carpenter,  M.A.,  and  Holcroft,  J. :  Ionized 
calcium  and  magnesium:  The  effect  of  septic  shock  in  the 
baboon.  J.  Trauma  18:166-172,  1978. 


30 


2 4.  Chesney,  R.W.,  McCarron,  D.M.,  Haddad,  J.G.,  Hawker,  C.D., 
DiBella,  F.P.,  Chesney,  P.J.,  and  Davis,  J.P.:  Pathogenic 
mechanisms  of  the  hypocalcemia  of  the  staphylococcal 
toxic^shock  syndrome.  J.  Lab.  Clin.  Med.  101:576-585, 

1983. 

25.  Harrigan,  C.,  Lucas,  C.E.,  and  Ledgerwood,  A.M.:  Signifi¬ 
cance  of  hypocalcemia  following  hypovolemic  shock.  J. 

Trauma  23:^88-493,  1983. 

26.  Hinshaw,  L.B.,  Brackett,  D.J.,  Archer,  L.T.,  Beller,  B.K., 
and  Wilson,  M.F.:  Detection  of  the  "hyperdynamic  state"  of 
sepsis  in  the  baboon  during  lethal  E.  coli  infusion.  J. 
Trauma  23  :  361  “365,  1  983. 

27.  Holcroft,  J.W.,  Trunkey,  D.D.,  and  Carpenter,  M.A.:  Extra¬ 
cellular  calcium  pool  decreases  during  deep  septic  shock  in 
the  baboon.  Ann.  Surg.  192:683-686,  1980. 

28.  Shires,  G.T.,  III,  Peitzman,  A.B.,  Illner,  H.,  and  Shires, 
G.T.:  Changes  in  red  blood  cell  transmembr ane  potential, 
electrolytes,  and  energy  content  in  septic  shock.  J. 

Trauma  23  :769~774 ,  1  983. 

29.  Carli,  A.,  Auclair,  M.-C.,  Vernimmen,  C.,  and  Jourdon,  P. : 
Reversal  by  calcium  of  rat  heart  cell  dysfunction  induced 
by  human  sera  in  septic  shock.  Circ.  Shock  6:147-157, 

1  979  . 

30.  Manson,  N.H.,  and  Hess,  H.L.:  Interaction  of  oxygen  free 
radicals  and  cardiac  sarcoplasmic  reticulum:  Proposed  role 
in  the  pathogenesis  of  endotoxin  shock.  Circ.  Shock 

10  :  205- 21  3 ,  1  983. 

31.  Arstila,  A.U.,  Shelburne,  J.D.,  and  Trump,  B.F.:  Studies 
on  cellular  autophagocytosis:  A  histochemi cal  study  on 
sequential  alterations  of  mitochondria  in  the  glucagon- 
induced  autophagic  vacuoles  of  rat  liver.  Lab.  Invest. 
27:31  7,  1  972. 

32.  Hirsimaki,  P.,  Trump,  B.F.,  and  Arstila,  A.U.:  Studies  on 
vin bl as ti ne^ i nduced  auto  phagocytosis  in  the  mouse  liver.  I. 
The  relation  of  lysosomal  changes  to  general  injurious 
effects.  Virchows  Arch,  Cell  Pathol.  22:89,  1976. 

33.  Champion,  H.R.,  Jones,  R.T.,  Trump,  B.F.,  Decker,  R. , 
Wilson,  S.,  Miglnski,  M.,  and  Gill,  W.:  A  clinico- 
pathologic  study  of  hepatic  dysfunction  following  shock. 
Surg.  Gynecol.  Obset.  142:657,  1976. 


31 


3^.  Jokinen,  I.,  Hirsimaki  ,  Y . ,  and  Arstila,  A.U.:  Auto- 

mP^f°Cy  03  !  'ndUC6d  by  ionoPhore  A231  87  and  low  calcium 
medium  in  EATC.  J.  U 1 tras true tr  .  Res.  69 : 1 49,  1  979  . 

35.  Clemens,  M.G.,  Chaudry,  I.H.,  and  Baue,  A.E.:  Hepatic 
7oT245?ei g83entialS  in  6arly  and  labe  sePsis-  Circ.  Shock 

36.  Laiho,  K.U.,  and  Trump,  B.F.:  Mitochondrial  changes,  ion 

tnjlrWa^iiShl^S(in  the  cellular  injury  of  Ehrlich  ascites 
tumor  cells.  Beltr.  Pathol.  Bd .  155:237-2^7,  1975. 


32 


GLOSSARY 

AcAc  =  acetoacetate 

A+B  -  acetoacetate  +  beta-hydr oxybutyrate 

A/B  13  a c e t oa c e t a t e/ b e t a^h y dr o xy bu t y p a t e 

AcPase  ■  acid  phosphatase 

AlPase  ■  alkaline  phosphatase 

ATPase  «  adenosine  triphosphatase 

BHOB  =  beta^hydroxy butyrate 

Ca  «  calcium 

Ca  +  +  =«  Ionized  calcium 

Cl  =  cardiac  index  (ral/mln/kg) 

CP K  =  creatine  phosphokinase 
Creatinine  =  mg/dl 

D.  Bilirubin  =  direct  bilirubin  (mg/dl) 

Energy  Charge  «  (ATP  +  1/2  ADP)/(ATP  +  ADP  +  AMP) 
ER  =  endoplasmic  reticulum 
Glucose  «  mg/dl 

GPT  *  alanine  aminotransferase 

G6  Pase  =  gl  ucose^*1  phos  phatase 

G6PDH  =  glucose- 6- phos phatase  dehydrogenase 

HR  «  heart  rate 

Lactate  =  nmoles/ml 

LDH  lactate  dehydrogenase 

MABP  =  mean  arterial  blood  pressure 

Mg++  =  ionized  magnesium 

OCT  =  ornithine  car bamoyl transfer ase 

Pyruvate  =  nmoles/ml 

P/L  =  pyruvate/ lactate 

SDH  =  succinate  dehydrogenase 

SVI  =  stroke  volume  index 

TP R  3  total  peripheral  resistance 

T.  Bilirubin  =  total  bilirubin  (mg/dl) 
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APPENDIX 

A.  FLOWCHART  ILLUSTRATING  OUR  HYPOTHESIS  OF  THE  RELATIONSHIPS  AMONG  Na+  AND 
Ca2+  REGULATION,  THE  CYTOSKELETON  AND  THE  CELLULAR  REACTIONS  WHICH  ENSUE. 

ImuiTOti  or  [after  Stxtmsis  Plash*  Hoorah*  l«n*airr 


Anoxia  [ndotoxim 


Hitochorwial©  Flocculeht  Dehsities  ih  Ritochondria  Loss  of  PH  Iktesaitt 

Calcification 


QOblY  IF  RITOCWWRIAL  FUKTIOn  IS  HOT  INHUinS 


(From  Trump,  B.F.  and  Berezesky,  I.K. :  Role  of  sodium  and  calcium  regulation 
in  toxic  cell  injury.  IN:  Drug  Metabolism  and  Drug  Toxicity,  Chapter  13# 
Mitchell,  J.R,  and  Horning,  M.G.,  eds,  Raven  Press,  New  York,  pp.  261-300, 
1984.) 
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TOE  EFFECTS  CF  SPCEXDCTCKY  CN  AH  EXPUUKOfTAL  HAT  DfTOA- 
ABDCMIHAL  ABSCESS  HCCEL.  T.  Sato*,  T.  Nakstani*,  f. 

Mrs i»,  and  ».f.  trump.  University  of  Maryland  School  of 
Medicine,  Department  of  Pathology,  Baltimore,  HD  2)201. 

Recently,  wc  developed  a  highly  repcoduclble  lnlta- 
abdomlnal  abscess  modal  In  the  ret  by  Inoculation  of  t  rat 
fecal  pellet  with  or  without  10?  E.  coll  into  the  abdominal 
cavity  which  produced  1001  abscess  formation  at  the  abscess 
ataga  (Fed  Proc  42)1251,  1983).  In  the  present  experl - 
rents,  the  effects  of  splenectomy  on  this  eodel  vert  stud¬ 
ied.  Splenectory  was  performed  simultaneously  with  Inocu¬ 
lation  of  the  fecal  pellet  In  young  Spregue-Oavley  rats. 
Splenectory  induced  a  higher  mortality  rate  at  the  peri¬ 
tonitis  stage  (ty  48  hra  after  Inoculation  of  the  pellet) 
as  also  did  the  lower  doses  of  E.  coll  (103).  Continuous 
body  weight  loss  was  observed  In  half  of  the  rats  with 
splenectory  and  E.  coll  during  the  abscess  stage.  An  £. 
coll  abscess  with  or  without  splenectory  resulted  In  a 
hyperdynamic  state,  high  cardiac  output  and  lot;  peripheral 
resistance.  The  hepatic  energy  status  deteriorated  with 
the  abscess.  Splenectory  alone  or  splenectory  with  a  ster¬ 
ile  fecal  pellet  induced  no  death  and  no  body  weight  loss 
during  the  abscess  stages.  These  data  suggest  that  the 
spleen  plays  a  key  role  In  systesilc  resistance  and  that 
splenectory  ray  change  the  stable  abscess  stage  to  an  un¬ 
stable  abscess  stage.  (Supported  In  part  by  NIK  Grant 
I1R01  032084.) 


\a  241 

^  TOE  POLE  QT  1CN  SHIFTS  M  A  RAT  KEH0RWWS1C  SHOCK  KEEL, 
l.K.  Bcrttesky*.  T.  Sato*.  F.  Hlral*,  T.  Nakatanl,l  ard 
8.P.  Trues?.  University  of  Maryland  school  of  HedldneT 
be  pertinent  of  Pathology,  Baltlrore,  H>  21201. 

Extra-  and  Intracellular  Ion  ahifts  ray  play  a  key  role 
In  cell  Injury.  To  correlate  ion  ahifts  snd  cell  Injury 
using  physiologic  snd  blocherlcsl  parameters,  LD44  or  LD50 
herorrhaglc  shock  rats  were  produced  by  withdrawing  a 
precalculated  voluem  of  blood  within  a  one  minute  period 
and  pararettrs  ronltored  before  and  at  IS  minutes  after 
hemorrhage.  Cardiac  output  wat  proportional  to  the  sever¬ 
ity  of  hemorrhage  and  EMGs  showed  Ischemic  changes.  After 
hemorrhage,  hypoglycemia  and  lactic  acldoals  were  noted  but 
no  algnlficant  Increase!  in  ICH  and  OCT  release  in  scrum 
were  observed.  Serum  electrolyte  concentrations,  as  meas¬ 
ured  by  ion  selective  electrodes,  showed  Increases  In  po¬ 
tassium  and  decreases  In  calcium  after  hemorrhage.  X-ray 
mlcroanalysls  of  Ions  In  freexe-drltd  sections  of  heart  and 
liver  showed  Increases  In  sodium  and  chlorine  and  decreases 
In  potassium  concentrations.  These  data  not  only  show  good 
correlation  between  loo  shifts  and  hemorrhagic  shock  as 
monitored  by  physiologic,  biochemical  and  x-ray  micro- 
analytical  parameters  but  also  that  ion  shifts  do  play  an 
lrportant  if  not  determinant  role  In  cell  Injury.  (Sup¬ 
ported  by  Army  Contract  IDAHD17-83-C-3164, ) 
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EFFECT  OF  ENDOTOXIN  ON  BLOOO  GASES  i.  pH  IN  CONSCIOUS  RATS. 

H.  law*.  P.  Oonahue*.  H.  Brottroan*.  P.  Gama  FI 1 ho*.  R.  Oavls,* 
t  J.  Ferguson.  U  of  IL  it  Chicago  H.S.C.,  Chicago,  11  60680. 

Rats  are  used  extensively  in  models  of  endotoxin  shock. 
However,  little  Is  known  about  the  effects  of  endotoxin  on 
blood  gases  In  rats,  in  this  study  male,  Sprague-Oawley  rats, 
weighing  300-400  gm.  were  anesthetized  with  2  ml/kg  Equi- 
Thesln  (Oen-Sal  Co.)  l.p.  for  cannulation  of  blood  vessels 
(right  carotid  artery  and  Jugular  vein)  with  PE-SO  poly¬ 
ethylene  tubing  (Fisher  Scl.  Co.).  24  hours  after  surgery, 

each  conscious  rat  received  endotoxin  (6  or  10  agAg  l.v.i  E. 
coll  Upopolysaccharlde;  Oifco).  Blood  gases  were  aeasured 
on  a  Corning  16S  blood  gas/pH  analyzer.  Total  hemoglobin  (Hb) 
was  measured  according  to  the  method  of  Henry.  Results  from 
arterial  samples  are  presented  In  the  table  below. _ 


Oose 

Time** 

pH 

POO, 

£22, 

HCO-i 

ICO? 

Hb 

6  mg 

0 

"7.44 

T7To 

9076 

25.6 

26.7 

14.6 

/k9 

10 

7.41 

33.9 

96.7* 

21.8 

22.8* 

16.3 

30 

7.38 

28.7* 

103.6* 

17.1* 

17.9* 

IS. 8 

60 

7.39 

23.4* 

108.4* 

14.2* 

14.9* 

13.3 

10  mg 

0 

7.49 

36.4 

87.6 

27.7 

28.8 

.... 

/kg 

10 

7.46 

24.1* 

96.7 

17.9* 

18.6* 

.... 

30 

7.41 

12.9* 

117.9*- 

8.4* 

8.8* 

.... 

60 

7.03 

18.7* 

120.9* 

S.2* 

S.8* 

— - 

*D<0.01  by  LSD  after  anova  “min,  post -endotoxin. _ 

These  results  indicate  that  endotoxin  can  cause  dramatic 
dose  related  changes  in  arterial  blood  gases  In  rats  that  are 
unrelated  to  pH.  Supported  by  Lola  Wilson  Grant  148309. 


RELATIONSHIP  OF  STRUCTURE  AMD  FUNCTION  FOR  THE  U.S.  » 

REFERENCE  STANDARD  ENDOTOXIN  EXPOSED  TO  ®  CO-RADIATION. 

Cyorgy  Caako,  Eva  A.  Suba,  Alica  Ahlgran,  Chao-Mlng  Taal  and 
Ronald  J.  Ella.  Rational  Inatltucts  of  Health,  Federal  Drug 
Administration  tod  Haval  Medical  Xeacarch  Inatltuta, 
lethcada,  MD.  i 

Tht  relationship  betvsan  tha  atructurt  and  function  of  J 

bacterial  endotoxins  la  poorly  uodaratood.  V*  oaed  Ionizing 
radiation  from  a  °  Co-aourca  to  physically  datoxlfy  tha 
highly  purified  bacterial  andotoxla,  tha  U.S.  Xafaranct 
Standard  Endotoxla  (RSE).  Altaratlona  In  the  structure  of 
the  RSE  were  aaseaaed  with  the  electros  microscope  and  by  j 

electrophoreala.  The  biological  function  of  tha  Irradiated 
RSE  vat  aaaeaaed  with  tha  llaulus  aaebocyte  lyaatc  teat,  2 

aouae  lethality,  antlcoapleaeotary  activity  for  guinea  pig 
coapleaent,  local  Shvartxaan  reaction  In  rabbits,  alto- 
genlelty  for  aouaa  spleen  calls  and  platelet  aggregatloa  j 

using  dog  platelets.  Tha  result*  show  a  direct  relationship  j 

betveen  the  degradation  of  the  molecular  and  supra-aolecular  j 

structure  and  lota  of  biological  function.  However,  there  ^ 

was  variability  among  the  functional  taaaya  In  thalr  rat*  of  , 

change  with  progreaalve  Irradiation  of  tha  RSE.  The  a  a 
atudlea  suggest  that  It  may  b*  possible  to  selectively  altar 
the  endotoxin  molecule  to  preserve  positive  factors  for  the  1 

host  while  eliminating  toxicity.  1 
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PULSE  DUPLICATOR  APPARATUS  FOR  SIMULATING  VASCULAR  HEHODT- 
KAM1CS  IN  VITRO.  Harvey  S.  gorovetx.  Arthur  M.  grant*.  Eva  M. 
Sevlck*.  1.  Christie  Farrell*.  Edwin  C.  Klein*,  and  Conrad 
Hall*.  Dept,  of  Surgery,  University  of  Pittsburgh,  Pgh.,  Pa. 

A  pulse  duplicator  apparatus  (PDA)  hat  been  developed  for 
almulatloo  In  vl tro  of  vascular  hemodynamics.  The  PDA  la 
characterized  by  the  realistic  pulsatile  flow  of  radlolabelled 
<“c-4)  serum  cholesterol  through  excised  canine  carotids.  A 
unique  feature  of  Its  design  la  that  such  variables  as  mean 
pressure,  trsnsmural  pressure,  pulse  pressure,  heart  rate,  end 
arterial  flow  race  may  be  Independently  varied,  and  the  hemo¬ 
dynamic  response  of  the  carotid  artery  to  these  flow  processes 
studied  In  detail.  Sixteen  perfusion  studies,  each  of  two 
hour  duration,  have  been  conducted  to  date  using  freshly  ex¬ 
cised  csnlne  carotids  in  the  PDA.  The  hemodynamic  simulation 
corresponded  to  the  normal  vascular  case  with  pulse  frequency 
-  l/see,  T*37°C,  mean  flow  rate  v  150  cc/mln,  and  the  pressure 
waveform  M20  «  Hg/80  mm  Hg  (mean  100  wm  Hg).  Among  the 
Interesting  findings  from  these  experiments  sre:  1)  the  over- 
til  uptake  of  1*0-4  cholesterol  by  the  artery  Is  not  control¬ 
led  by  boundary  layer  phenomena;  2)  the  distribution  of 
radlolabelled  serum  within  the  various  layers  of  the  wall  of 
the  artery  shows  a  steep  gradient  within  the  lntlma/medla 
which  reduces  to  zero  in  the  adventitial  region;  3)  the  wave¬ 
form  for  the  Instantaneous  radial  dilation  lags  that  for 
proximal  pressure  by  M0°.  The  peak  Instantaneous  flow  rate 
lave  fbe  mavinal  dilation  of  the  veeaei  by  _ 
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MODEL  BASED  STUDY  OF  THE  CLOSED- LOOP  BAM  REFLEX  CONTROL  OF  TO-  | 

TAL  PERIPHERAL  RESISTANCE  IN  THE  CAT.  Roberto  Burattini,  Fiat  j 

Borxdorff  (Dept,  of  Electronics  i  Automatics,  Univ.  of  Ancona,  ] 

Italy.  Lab.  for  Phyaiol.,  Free  Univ.,  Amsterdam,  The  Netherlands)  ‘ 

Ve  quantified  the  steady-state  baroreflex  regulation  of  to-  } 

cal  peripheral  resistance  in  closed-loop  condition.  In  eight  q 

lightly  anesthetized  cats  wc  varied  cardiac  output  by  graded  j 

caval  vein  occlusion.  The  static  relationship  betveen  mean  ar¬ 
teriovenous  pressure  gradient  and  mean  flow,  which  was  convex  J 

to  the  pressure  axis,  vss  described  by  a  model.  The  model  coo-  j 

•ists  of  a  nonlinear  negative-feedback  control  system  where 
control  pressure  vss  assumed  as  reference  pressure.  The  ratio  'j 

of  the  steady-scatt  change  in  peripheral  resistance  to  the  chan-  ’I 

ge  in  arcerial  pressure  (resistance  gain,  Gg)  is  s  constant  pi-  2 

raseter  in  the  model.  Ve  used  an  automatic  identification  pro-  ^ 

cedure  to  estimate  Cg  from  the  experimental  pressure-flow  data. 

The  estimates  varied,  in  the  diffetent  animals,  from  0.002  to  ^ 

0.010  min/ml.  When  the  baroreflex  sensitivity  was  diminished  4 

by  deepening  anesthesia,  Cg  decreased  by  35  to  501  and  could  <j 

become  zero  with  very  deep  anesthesia.  Ve  then  linearized  our  3 

model  about  the  control  operating  point  and  computed  tht  over-  j 

all  open-loop  gain  C0.  The  values  of  G0  varied  from  0.64  to  j 

2.30  durint  liiht  anesthesia  and  decreased  by  the  same  percen-  u 
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100  Abstract* 

These  studies  denonstnte  that  Irreversible  injury  to  ATP  generating  Mchenisas 
occurs  during  hypoxia.  Loss  of  AMP  may  pity  t  role.  Cellultr  inorganic  phosphate 
levels  at  ay  be  a  *»ore  sensitive  indicator  of  oxygen-deprivation  injury  than  ATP. 

The  mechanise  of  this  injury  is  Independent  of  ‘ntracellular  acidosis. 
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REVERSE  TRIIODOTHYRONINE  EXACERBATES  MORTALITY  AFTER  SMAO  SHOCK.  S. 
HAlfVY,  M.  LIU-BARNETT,  B.M.  ALTURA.  Depi.  of  Aneithesiology,  SUNY  ot  Stony  Brook. 
NY  11554  ond  Dept,  of  Physiology,  SUNY  Oownjtote  Medical  Center,  Brooklyn,  NY  11203. 

Reverse  triiodothyronine  (rT3)  is  an  ubiquitous  thyroid  hormone  found  ,1n  large  concentra¬ 
tions  In  the  blood  of  patients  ond  experimental  an  I  mats  with  o  variety  of  acute  or  chronic  non- 
thyroldol  illnesses.  Although  the  cardiovascular  actions  of  the  thyroid  hormones,  T3  ond  T4 
are  well-known,  the  precise  effects,  If  any,  that  rT3  exerts  on  the  cardiovascular  system  have 
not  been  described.  During  some  of  our  experiments,  we  noticed  that  an  increase  In  serum  rT3 
seemed  to  parallel  the  severity  of  vascular  changes  ond  mortality  after  shock.  In  view  of  the 
latter  and  the  paucity  of  data  on  rT3,  we  initiated  experiments  on  rots  subjected  to  superior 
mesenteric  arterial  occlusion  (SMAO)  shock.  The  immediate  and  long-term  effects  of  a  single 
administration  of  3, 3, 5-trliodothyronin*  (rT3)  on  survival  and  plasma  T3  and  T4  was  studied  In 
mole  Wislar  rats.  Thyroid  hormone  levels  were  assessed  by  radioimmunoassay.  Mortality  was 
found  to  increase  by  160  percent  in  rT3-treated  animats.  Plasma  T3  and  T4  levels  decreased 
in  control  on i mats  treated  with  rT3.  However,  rT3- heated  animals  exhibited  significantly 
lower  T3  ond  T4  than  controls  or  untreated  animals  when  subjected  to  SMAO  for  20  min.  These 
results  suggest  that  rT3  may  play  an  important  role  in  the  pathophysiology  of  clrculolory  shock. 
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INTRACELLULAR  ION  MOVEMENTS  IN  AN  IN  VIVO  BACTEREMIC  SHOCK  ANIMAL  MODEL.  I.K. 
BEREZESKY*,  T.-  SATO*,  T.  NAKATANI*,  F.  HIRAI*,  B.F.  TRIMP*.  (Introduced  by:  fiX 
Jones ) .  Department  oH  Pathology,  University  oZ  Maryland  School  of  Medicine, 
Baltimore,  M)  21201. 

In  order  to  elucidate  the  mechanisms  of  cell  injury  following  bacteremic  shock  in 
an  in  vivo  rat  model,  intracellular  ion  shifts  were  measured  in  serum  using  ion  se¬ 
lective  electrodes  and  In  unfixedr  freeze-dried  cryosectlons  of  liver  and  heart  us¬ 
ing  x-ray  microanalysis  (XRMA).  Bacteremic  shock  was  induced  by  IV  injection  into 
the  tail  vein  of  a  lethal  dose  (1. 3-2.0  x  109)  of  live  E.  coll  organisms.  Saline- 
injected  rats  were  used  as  controls.  At  6,  9,  and  12  hrs  following  the  bacteremic 
insult,  serum  K+  and  Ca2+  levels  were  measured.  For  XRMA,  small  pieces  of  liver 
and  heart  were  rapidly  quench-frozen,  cry ©sectioned#  freeze-dried  and  analyzed. 
Serum  electrolyte  measurements  showed  increases  in  K+  and  initial  decreases  in  Ca2+ 
with  time  as  coopered  to  controls.  XRMA  revealed  increases  in  Na,  Cl  and  Ca  and 
decreases  in  K#  P,  and  Mg  in  both  organs  following  bacteremia.  These  data  are  con¬ 
sonant  with  each  other  In  that  decreases  in  serum  electrolytes  correspond  to  in¬ 
creases  in  intracellular  ions.  However,  -even  more  inportantly,  the  excellent  cor¬ 
relation  of  these  data  with  our  physiological,  biochemical,  and  morphological  re¬ 
sults  illustrates  the  extrapolation  of  ion  shifts  as  measured  ty  x-ray  ricroanaly- 
sis  to  the  structural  and  functional  manifestations  of  bacteremia.  As  to  the 
mechanisms  Involved,  the  results  are  compatible  with  our  hypothesis  that  deregula¬ 
tion  of  ions,  particularly  Ca2+,  triggers  a  variety  of  events  involving  the  cell 
membrane  and  the  cytoskeleton  which  lead  to  irreversible  injury  and  thus  cell 
death.  (Supported  ty  Army  Contract  No.  DPMD17-83-C-3164  and  NIH  GM32084.) 
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PROTECTION  AGAINST  SALMONELLA  TYPHIMURIUM  BACTEREMIA  IN  RODENTS  BY 
IMMUNOGLOBULIN  THERAPY.  M.S.  COLLINS*,  J.M.  LURTON*,  M.M,  EVERETT” , 
T.E.  EMERSON,  JR.  Cutter  Group  of  Miles  Labs,  Berkeley,  CA  94710 
Mortality  during  bacteremia  shock  remains  high  despite  treatment 
with  specific  antibodies  and  other  agents.  This  study  was  undertaken 
to  determine  the  efficacy  of  a  recently  developed  'native*  5»  IgG 
preparation  for  i.v.  use  (IGIV)  against  severe  bacteremia. 
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G  W  Rjik),  Ed  ,  Ptt*trJinxi  ttflhe  42nJ  Annuul  Mrelmx  u/tht  Detirttn  Mu  rotrupi'  &***»  of  irnr/KI 
Copjiifhl  *  IM4  bj  Sin  Ftancncit  Picu,  Inc.  Bot  6800.  San  Ftancitco. CA  94IOI-6MO.  USA 

ULTRASTRUCTURAL  GANGES  IN  MIGRATING  LEUKCCYTES  IN  TOE  UVER  FOLLCWING 
LETIAL  E.  COLI  BAGTERIM1A  IN  RATS 

T.  Sato,  I.K.  Berezesky,  F.  Hirai,  T.  ttekatani  and  B.F.  Trump 

University  of  Maryland  School  of  Medicine,  Department  of  Pathology, 
Baltimore,  MD  21201 

Hepatocellular  injury  and  dysfunction  after  Gram-negative  sepsis  have  been 
well  recognized  in  both  hunans  and  experimental  animal  models  (1,2)  with 
circulating  septic  components  being  attributed  to  producing  the  hepato¬ 
cellular  injury.  We  have  previously  shewn,  in  a  lethal  E.  coli  bacteremie 
rat  model,  the  progressive  migration  of  leukocytes  and  foci  of  hepatic 
lesions  along  with  release  of  liver  enzymes  (2).  In  those  studies,  hepatic 
lesions  were  rand  only  scattered  throughout  the  liver  but  were  prominent  in 
mid zonal  regions  where  migrated  and  aggregated  leukocytes  were  frequently 
seen,  suggesting  that  there  may  be  seme  correlation  between  the  presence  of 
leukocytes  and  damage  to  hepatic  parenchymal  cells  (2).  In  the  same  model, 
infiltration  of  leukocytes  into  the  myocardial  interstitiun  was  also  noted 
(3),  possibly  contributing  to  the  observed  myocardial  dysfunction. 

In  the  present  study,  ultrastructural  changes  in  migrating  leukocytes  in 
liver  following  lethal  E.  coli  bacteremia  in  rats  were  studied.  Adult  male 
rats  ware  fasted  for  15  hrs.  A  lethal  dose  of  live  E.  coli  (Serotype: 
0-18;  1.3  to  2.0  x  109  organisms  per  100  gm  of  body  weight)  was  injected  in 
conscious  rats  through  the  tail  vein  within  a  1  min  period.  Saline- 
injected  rats  were  used  as  controls.  Animals  were  sacrificed  at  3,6,  and 
12  hrs  after  injection.  Livers  were  fixed,  processed  and  ultrathin 
sections  examined  with  a  JEOL  100B  electron  microscope. 

After  bacteremie  treatment,  progressive  migration  of  leukocytes  and 
fibrinoid  deposits  in  sinusoids  were  apparent  with  time.  Migrating 
leukocytes  with  dense  cytoplasm  frequently  contained  engulfed  E.  coli 
organisms  (Fig.  1).  With  digestion  of  organisms,  the  leukocyte  cytoplasm 
became  enlarged  and  less  dense  and  contained  heterosemes  and  vacuoles  (Fig. 
2).  Some  of  the  leukocytes  contained  numerous  heterosemes  or  secondary 
lysosanes  with  degeneration  of  cytoplasmic  organelles  (Fig.  3).  Frequently, 
degenerated  leukocytes,  with  a  "watery"  cytoplasfo  and  containing  vacuoles 
and  secondary  lysosanes,  were  phagocytosed  by  Kuppfer  cells  (Fig.  4). 
These  degenerated  leukocytes  in  the  sinusoids  increased  in  number  with 
time.  Hepatocellular  damage,  such  as  dilatation  of  the  ER  and  swelling  cf 
mitochondria  along  with  increased  nurfoers  of  phagocytoscmes  or  secondary 
lysosanes,  also  increased  with  time. 

Knowledge  of  the  possible  mechanisms  involved  in  bacteremia  or  sepsis  which 
cause  hepatocellular  injury  and  dysfunction  needs  much  further  investigati¬ 
on.  In  addition  to  altered  microcirculation  and  circulating  septic 
components  such  as  endotoxins  produced  by  bacterenia  or  sepsis,  one 
possible  mechanism  may  be  membrane  damage  from  the  toxic  products  of  the 
migrating  leukocytes  such  as  oxygen  free  radicals  and  related  metabolites. 
These  oxygen  free  radicals  have  been  shown  to  cause  extensive  cellular 
damage  in  several  tissues  following  endotoxania  including  endothelial  ceil 
damage,  phospholipid  membrane  lysis,  damaged  mitochondria,  lysosomal 
disruption  and  increased  vascular  permeability  (4).  Acid  hydrolases 
released  during  the  digestion  of  these  microorganisms  and  from  the 
degenerated  leukocytes  in  the  sinusoids  may  also  be  involved.  Thus,  the 
regional  production  of  oxygen  free  radicals  and  related  metabolites  as  well 
as  acid  hydrolases  nay  play  a  key  role  in  the  hepatocellular  injury  and 
dysfunction  seen  in  bacteremia  or  sepsis.  (Supported  by  NIH  GM32084  and 
Army  Contract  EAMD  17-83C-3164) . 


182 


REFERENCES 


39 


C.  PERSONNEL  WHO  RECEIVED  CONTRACT  SUPPORT. 
S.  Kawashima,  M.D. 

I.K.  Berezesky,  B.A. 


